Abstract: The spallation neutrons were produced by the irradiation of Pb with 250 MeV protons. The Pb target was surrounded by water which was used to slow down the emitted neutrons. The moderated neutrons in the water bath were measured by using the resonance detectors of Au, Mn and In with Cd cover. According to the measured activities of the foils, the neutron flux at different resonance energy were deduced and the epithermal neutron spectra were proposed. Corresponding results calculated with the Monte Carlo code MCNPX were compared with the experimental data to check the validity of the code.
Introduction
Spallation reactions can be used to produce intense neutron fluxes with a high energy proton beam on a thick target. Recently, the possible applications are rapidly growing in many fields, such as spallation neutron source(SNS) and accelerator driven system(ADS) [1, 2] . For designing the spallation target and shielding of accelerator facilities, it is necessary to estimate the production and distribution of the spallation reaction products especially for the neutrons. A common approach to predict the neutron production is based on the simulation with Monte-Carlo radiation transport codes, such as MCNPX [3] , PHITS [4] , GEANT4 [5] and FLUKA [6] . To calculate the spallation neutrons directly produced from the target, the MCNPX code has been verified by carrying out systematic experiment study and could give good predictions [7] . With regard to the spatial distribution of moderated neutrons in shielding material, there are very few measurements to check the validity of the simulation code. In this work, we chose the water as the moderating material and studied the moderated energy spectra in water bath for the neutrons produced via the spallation reaction. The experimental data would be compared with the calculated results performed by MC-NPX2.7.0 for testing the applicability of the code to the simulation of moderated neutron.
Experimental setup
The experiment was performed at the HIRFL-CSR in Lanzhou, China [8] . In this experiment, we aimed at studying the moderated neutron spectra of the spallation reaction in water bath. For this purpose, a proton beam with energy of 250 MeV was used to bombard a cylindrical lead target. The beam was collimated on the centre of front surface of the target and the beam spot was less than 2 cm in diameter. The irradiation of the beam lasted about 24 hours to get sufficient fluence. In front of the target, an air ionization chamber was placed to monitor the beam current. The ionization chamber which wasn't calibrated could only show the relative amount of the beam current as function of time. The total number of protons in the process of irradiation was given by activation analysis via the yield of the reaction 27 Al(p, 3p1n) 24 Na. The Al-foil with highpurity and thin 800 µm was placed immediately in front of the ionization chamber. The cross section had been to be 10.6 mb in reference [9] . The total number of protons was determined to be (1.69±0.05) × 10 12 . With the aid of activity analysis of Al foil, the ionization chamber was calibrated and the absolute beam current I beam (t) was obtained, see Fig. 1 . The Pb target with 10 cm long by 10 cm diameter was surrounded by a tank of water. The dimensions of the container were 120 cm (L)×100 cm (W)×100 cm (H), where this size effectively contained most of the neutrons emitted from the target. Along the surface of the target, the activation foils of Au, Mn and In were located in the water in order to measure the moderated neutrons. The detailed description for the foils is summarized in Table. 1. The foils were covered with Cd (0.8 mm thickness) to shield the thermal neutrons. All the foils were divided into three groups, and each group consisted of a piece of Au, Mn, and In foils, respectively. Three groups of foils were placed at a radial distance of 8 cm from the target axis and at the longitudinal distances of -10, 0 and 10 cm from the center of the target, see Fig.2 . The neutrons emitted from target were slow down in the water and measured by the resonance detectors. Via capture reaction (n,γ), the stable isotopes composing of the detector foils were transmuted into radioactive ones, which were identified by observing the characteristic γ rays. The measurements were performed by using high-purity germanium (HPGe) detectors. The HPGe detector relative efficiency was about 65% and energy resolutions was 1. 
Data Analysis
The activation analysis method is a common method to measure the neutron spectrum. The neutrons emitted from target were slowed down in the water and averaged over the Maxwell distribution of neutron energies [12] . In the 1/v-part of the epithermal neutron field, the energy distribution can be described by
φ epi is the epithermal flux per unit lethargy and does not depend on energy. The foils were irradiated in the neutron field under the sealed cadmium (Cd) cover which were used for shielding the foils from thermal neutrons. In the epithermal neutron field, each kind of the foils has a main resonance whose cross section is so large that the capture processes are responsible for the main part of the activation, see Table. 2 [12, 13] . As is seen, for Au foil the main resonance is about 4.905 eV, and from the Table. 2, it can be seen that the contribution of the resonance to the activation is nearly 95% which can lead to an approximation as follows
(2) Where A Cd is the activation rate (per proton). N is the atom number per gram of the foil and σ a (E) is the cross section which could be obtained from the ENDF[14]. Then we can get the number of activated nuclei N 0 at the end of irradiation
The beam integral B integral , corrected for the fluctuation of the proton beam current I beam (t), is expressed by
Where T is the total irradiation time, and (T-t) is the decay time of the nuclide. At the end of irradiation, we could obtain a number C of counts in a net fullenergy peak of the characteristic γ-ray in a measured γ-spectrum. The activity A 0 (Bq/g) of the foil at the end of irradiation is related to the C according to the relation
Where λ = ln2/T 1/2 is the decay constant. ε γ is the efficiency of the detector and I γ is the intensity of the transition per decay. D and K are the correction factors for the dead time of detector and the self-absorption of transition in the foil, respectively. M is the mass of the foil. t d is time from the end of irradiation to the beginning of the measurement and t c is the counting time.
A 0 is related to the N 0 by the relation of N 0 = A 0 /λ, so the value A Cd could be obtained by putting N 0 and B integral into the equation (3). Then we could get the neutron flux at resonance energy point by using the equation (2). For every position in the water bath, those neutron flux values of different resonance detectors can constitute a substantial spectrum. So the types of the foils are more, the spectrum is wider and more accurate. Fig. 3 presents the Au-, Mn-, and In-foil activity data for the irradiation at the different position in the water moderator. The activation of the foils at the -10 cm and 10 cm are both lower than the yields at 0 cm and the activation at the 10 cm is the least. This trend allows us to conclude that the intensity of the thermal neutron flux at the position of 0 cm is higher than that at other two positions. The reason could be that when the proton beam laterally cross the lead target the neutrons generated reach maximum at the center position and the protons could reach the end of the target(10 cm) were little. According to the Eq. (3)- (5), we can obtain the value of A Cd which is the activation induced by single proton, see Fig. 4 . The trend of A Cd is roughly in consistent with the value of A 0 of which the difference is mainly led by the different nuclear qualities of the foils. Then combining the equation (2), we can get the φ epi which is the epithermal flux per unit lethargy. The neutron flux at the main resonance energy points of Au, Mn and In could be deduced from the equation (1) . According to the neutron flux in different positions of water bath, we can obtain the approximate spectra in the main resonance energy range of Au, Mn and In, see Fig. 5 . It could be seen that the neutron flux at the center of the target(0 cm) has the biggest value and at the end of the target(10 cm) the flux is the least. 
The Experimental Results

Simulation and Comparison
The process of the irradiation experiment was accompanied with the simulation by using the MCNPX2.7.0. In the intra-nuclear cascade (INC) stage, we chose the Bertini model [17] for nucleons and ISABEL model [18] for other particle types. The pre-equilibrium model was used after INC stage. The RAL model [19] was used in the process of evaporation (or fission).
The comparison of A 0 and A Cd between the simulation and experiment is shown in Fig. 6 and Fig. 7 . From  Fig. 6 and Fig. 7 , it can be seen that measured and calculated values of Au foils comply better, where the maximum difference is less than 15%. For Mn foils, Mn-2 (in group2) in the center place comply better. But both sides including Mn-1 (in group1) and Mn-3 (in group3) are with big errors. The reason for this could be the finite thickness of Mn foil (1 mm) whose resonance is self-shielded and indeed more strongly the higher the resonance given by Table. 2. For In foils, the measured results are some 10% to 30% lower than the calculated value. This implied that the In capture cross-sections are less precisely than the corresponding ones for Au. Thus, only the 197 Au activity data are good agreement with the calculated results. In order to investigate the cause of the discrepancy between the calculations and the experiments, we simulated the energy spectra of all the three positions where the foils were located in the water. The calculated results with MCNPX code system are compared with the present experimental results in Fig. 8 . The purple line is made of the experimental points and the other three lines are the simulated neutron spectrum in the whole energy range. It is observed that the calculated results are in good agreement with experimental spectrum above 50 eV. For neutrons below 50 eV, the MCNPX calculations give about two times or more higher flux than the experiment. At the same time, it can be seen that in simulated spectrum there are some sudden drops at the resonance energy points of the foils. This situation could be attributed to the foils themselves, since many neutrons with the resonance energy were absorbed by the foils and not recorded into the energy spectra. This indicated that the foils absorbed so many resonance neutrons that the neutron fields in the water bath were badly effected. Taking into account the impact of foils on the simulation, we also simulated a model which was the same with the model in Fig. 8 except there were no foils around the target. We just wanted to know whether the foils had any appreciable or noticeable impact on the neutron spectra. As shown in Fig. 9 , we can see that when the foils were not represented in the simulation the neutron energy spectra had the smooth and continuous curves. But when foils were included the flux have a sudden drop at the resonance energy points, see Fig. 8 . Excluding the neutron flux at the resonance energy points, there is no obvious difference between Fig. 8 and Fig. 9 . 
Conclusions
In summary, we have studied the neutron spectra in specific energy range via the reaction by using protons bombarding a thick lead target in water bath. The intensity of the beam and the activation of the resonance detectors were measured by the neutron activation analysis method. By analyzing the activation of different foils in different positions near the lead target, the neutron fluxes were obtained and the corresponding neutron spectra were given. We also compared the experiment data with the simulations. It was found that the calculations were in agreement with the experimental data in high energy range, and it should be emphasized that the simulations must value the contribution of detectors themselves. This is just the first step in the neutron spectrum measurement. And next, we will try to use more resonance detectors of which the resonance energy is different with wider distribution.
